ABSTRACT In separate experiments, Bemisia tabaci (Gennadius) from Namulonge, Uganda, was taken from a colony reared on uninfected cassava plants (Manihot esculenta) Crantz. (nonviruliferous whiteßies) and a colony reared on cassava plants infected with East African cassava mosaic virus (viruliferous whiteßies) and allowed to oviposit on uninfected and East African cassava mosaic virus-infected cassava plants for 3 d. There were no signiÞcant differences in the number of eggs oviposited and in the number of Þrst instar, second/third instar collectively, and fourth-instar nymphs at different periods on the uninfected and infected plants. The number and sex ratio of eclosed adults as well as the total developmental period were also not signiÞcantly different between B. tabaci developing on uninfected or infected plants. These were the Þndings where either nonviruliferous or viruliferous whiteßies were allowed to oviposit on the plants. Highest mortality occurred on fourth instars developing on uninfected plants where either nonviruliferous or viruliferous whiteßies were allowed to oviposit. This was also the case on the infected plants, where oviposition was by viruliferous whiteßies. Based on regression equations, highest mortality on fourth instars was characterized as population density-independent. Mortality was highest on Þrst instars developing on the infected plants where nonviruliferous whiteßies were allowed to oviposit, and was characterized as population density-dependent. A follow-up experiment showed no signiÞcant differences in the total number of nymphs and empty pupal cases over two generations for whiteßies developing on uninfected or infected plants. These data indicate that plants infected with East African cassava mosaic virus will not result in a population boost of B. tabaci. This is quite unlike what has been reported of plants infected with the putative recombinant virus involving East African cassava mosaic virus in combination with African cassava mosaic virus.
CASSAVA MOSAIC DISEASE (CMD) is a major biotic constraint in 15 of 18 African countries surveyed and results in 20 Ð90% yield losses (Fauquet and Fargette 1990) . A severe form of the disease occurred in Uganda in 1988 (Pita et al.1998 ) and has expanded southward from northern Uganda, resulting in tremendous losses in cassava Manihot esculenta Crantz. (Euphorbiaceae) (Gibson et al. 1996) . The causal agent of the severe CMD in Uganda is a recombinant virus: Ugandan variant of East African cassava mosaic virus (UgV) involving a putative recombination of DNA-A between African cassava mosaic virus (ACMV) and East African cassava mosaic virus (EACMV) both members of the genus Begomovirus (Geminiviridae) , Pita et al. 1998 . Another severe form of CMD caused by another putative recombinant virus has been reported in Cameroon (Fondong et al. 2000) .
The epidemic in Uganda has been associated with high population densities of the whiteßy vector, Bemisia tabaci (Gennadius) (Gibson et al. 1996 , Colvin et al. 1999 . A higher population density of B. tabaci was reportedly associated with cassava plants infected with UgV compared with uninfected cassava plants (Colvin et al. 1999) . Disease spread might be facilitated when a high population density of B. tabaci feeding on plants containing a high titer of the virus infects uninfected susceptible plants established over a large area (Gibson et al. 1996) . Various hypotheses have been proposed to explain the unusually high whiteßy population densities within the epidemic area. It has been suggested that a different biotype of B. tabaci may be involved (Gibson et al. 1996) , or changes in amino acid levels produced in UgV-infected cassava plants may produce nutritional changes that are beneÞcial to the vector (Colvin et al. 1999) . There are reports of other insect-virus-plant interactions where infected plants associated with high populations of the vector revealed biochemical changes resulting from luteovirus or begomovirus infection (Ajayi and Dewar 1983, Costa et al. 1991) .
Although higher population densities of B. tabaci have been reported in the epidemic area where UgV is involved, there is no published work reporting the inßuence of other cassava whiteßy transmissible geminiviruses (WTGs) on the vector population. The general objective of this study was to determine whether B. tabaci developing on EACMV-infected cassava plants results in a signiÞcantly higher population density compared with its development on uninfected cassava plants. Possible differences in population density between whiteßies developing on EACMV-infected or uninfected plants can be related to initial oviposition, population density of developing nymphal instars, total developmental period, and sex ratio. Thus speciÞc objectives were to compare the number of eggs oviposited and subsequently the density of nymphal instars on EACMV-infected or uninfected plants, and the total developmental period and sex ratio of eclosed adults on EACMV-infected or uninfected plants. The study presented an opportunity to report on other important features, such as the mortality of different nymphal instars and whether the key mortality (nymphal instar on which mortality was highest) was population density-independent or otherwise. Thus, it was also possible to provide a ÔÞrst-stepÕ toward a life table analysis of B. tabaci developing on cassava, where the mortality of eggs and nymphal instars was recorded over a single generation as opposed to several generations in the more detailed life table studies.
Materials and Methods
Experimental Insects. B. tabaci whiteßies were obtained originally from cassava plants in 1997 from within the UgV epidemic area of Namulonge, Uganda. To develop a virus-free colony, the whiteßies were Þrst maintained on eggplant (Solanum melongena L.) for 4 wk during which time another generation was produced. Eggplant is not a host for cassava mosaic viruses (CMVs) (Fauquet and Fargette 1990) , and CMVs are not transmitted transovarially (Dubern 1994) . Thus, the emerged Þrst-generation adults were expected to be virus-free, and these were subsequently maintained on a Columbian cassava cultivar within perspex cages (30 by 30 by 67 cm) under insectary conditions (27Ð29ЊC, 50 Ð 60% RH). This colony was labeled nonviruliferous and was used 3 yr after initial establishment.
Twenty adults (1:1 sex ratio) from the nonviruliferous colony were introduced into an insect cage containing highly symptomatic EACMV-infected cassava plants cultivar ÔEbwanateraka.Õ This cultivar was originally obtained from Uganda. The whiteßies developed on the infected plants and were used after successful establishment of the colony (Ϸ200 adults). This colony was labeled viruliferous. Viruliferous and nonviruliferous colonies were maintained in separate rooms in the insectary. All the B. tabaci whiteßies used were previously identiÞed based on pupal case characteristics (Martin 1987) .
Experimental Plants. EACMV-infected material was obtained originally from a local cultivar in Tanzania and was maintained under strict quarantine in the greenhouse. The material had already been conÞrmed as infected by polymerase chain reaction (PCR) using primers UV-AL1/F2 and EA-CP/R (Maruthi 2001). Infected and uninfected cassava plants were maintained in separate compartments in the greenhouse. ÔEbwanaterakaÕ was used for all experiments, and was produced from stem cuttings originating from plants that were routinely maintained in the virus-free greenhouse and that originally tested negative for viruses by PCR. The cuttings were allowed to grow in the greenhouse (24 Ð26ЊC, 50 Ð 60% RH) until 8 wk of age. For each experiment, between 8 and 11 uninfected plants were top grafted with symptomatic EACMV-infected scion material of the Tanzanian local cultivar. A similar number of control-uninfected plants were top grafted by removing the apical shoot from these and then grafting the apical shoots back onto the plants. Plants were used for experiments at 4 wk after grafting at which time highly symptomatic leaves were present at the rootstock region of the EACMV-graft-inoculated plants.
Experiment 1. Performance of Nonviruliferous B. tabaci on Uninfected Cassava and Cassava Infected with EACMV. In the Þrst experiment, adult whiteßies were removed from the nonviruliferous colony cage 4 d before the experiment. Thus, at the time of the experiment, the newly emerged adults from this cage were 1Ð 4 d of age. Whiteßies were collected from the cage using an electric aspirator, and Þve pairs of females and males were aspirated into 20 separate glass cylinders. The whiteßies from the glass cylinders were anesthetized with CO 2 for Ϸ3 s and then introduced into clip cages (2.5 cm depth by 2.5 cm outside diameter). Each clip cage was attached to an upper leaf (between leaf 3 and 5 depending on the physical appearance of the leaf) of 10 uninfected and 10 infected plants. For infected plants, clip cages were attached to an upper leaf on the Þrst developing shoot below the graft union to ensure whiteßy oviposition on symptomatic EACMV-infected foliage of the Ebwanateraka rootstock. The whiteßies were allowed to feed and oviposit for 3 d after which they were removed with an aspirator and killed. The experiment was conducted under insectary conditions of (27Ð 29ЊC, 50 Ð 60% RH).
Experiment 2. Performance of Viruliferous B. tabaci on Uninfected Cassava and Cassava Infected with EACMV. The second experiment involved viruliferous B. tabaci and was designed to imitate a Þeld situation of second-generation whiteßies that developed on infected plants (now viruliferous whiteßies) and then as adults oviposited on either uninfected or infected plants. This experiment was conducted after successful establishment of the viruliferous colony. The experiment protocol was essentially the same as in experiment 1, but this time the Þve pairs of females and males were taken from the viruliferous colony and allowed a 3-d ovipositional period on either EACMVgraft infected cassava plants or uninfected cassava plants.
Experiment 3. Assessment of Multiple Generations of B. tabaci on Uninfected and Infected Plants. The objective of this experiment was to have nonviruliferous B. tabaci oviposit for 3 d on uninfected or infected plants, monitor development of nymphal instars in the Þrst generation, and Þnally compare total numbers of nymphs and pupal cases on uninfected and infected plants 56 d after initial introduction of the adults for oviposition by which time two generations likely elapsed. Nonviruliferous B. tabaci adults between 1 and 4 d old were placed on uninfected and graft-infected-EACMV plants 4 wk after grafting. Five pairs of females and males were introduced on the second to third leaf from the apex of the plant using a total of 11 plants. The whiteßies were allowed to feed and oviposit on the plants for 3 d after which they were removed using an electric aspirator.
Data Collection. In experiments 1 and 2, data were collected on the number of (1) eggs oviposited by Þve females over 3 d; (2) hatched Þrst instars; (3) combined second and third instars; (4) fourth instars (early fourth instars plus red-eye nymphs); and (5) eclosed adults. Rate of emergence of adults (expressed as percentage fourth instars that developed into adults over a 9-d period) was also determined.
Eggs were counted under a dissecting microscope after whiteßies were removed from plants, and the counting of nymphs was aided with a magnifying glass under ßuorescent light. The different nymphal instars were counted 11, 17, and 20 d after the whiteßy oviposition period. This schedule was based on the developmental pattern of B. tabaci as reported (Thompson 2000) and was adopted to capture predominantly the Þrst, second, third, and fourth instars, respectively.
After fourth instars were counted, leaves harboring remaining immature instars were enclosed in plastic sleeves and were monitored daily for adult emergence. At emergence, all adults were removed from the sleeve by cutting a hole in it and aspirating the whiteßies into a glass vial. The sex of the adults was determined by placing them in a petri dish on an iceblock under a dissecting microscope. Data on the day of emergence and sex ratio of eclosed adults were pooled over a 9-d period by which time most of the surviving fourth instars had developed into adults.
In experiment 3, eggs were counted the day of whiteßy removal, and counts of developing nymphal instars were made at the same time periods as in the Þrst two experiments (i.e., 11, 17, and 20 d after the whiteßy oviposition period). The upper part of the plants containing the developing nymphs was enclosed within a perforated plastic bag 3 d before expected adult emergence. Unlike the Þrst two experiments, Þrst-generation adults were allowed to remain on the plants for 4 wk to permit development of a second generation. To avoid disturbing whiteßies at this time, no assessment was made of the number of eclosed adults in the Þrst generation. After 4 wk, the seven most infested leaves on the entire plant were examined for each of the experimental plants. In this way, it was possible to collect the leaves most infested with the different nymphal instars. Because two plants did not survive, data were obtained from 10 plants for each of the two treatments. Data were collected on the number of Þrst instars, second/third instars, fourth instars and empty pupal cases after 56 d (over two generations). Number of empty pupal cases was used to calculate the number of adults that had emerged. Adults on the plants were not counted to avoid the possibility of repeated counts.
Data Analysis in Experiments 1 and 2. Statistical analysis was based on the computer software SPSS version 9.0 for Windows 95 (Kinnear and Gray 1997) . Differences in the number of individuals and rate of emergence were tested using the F-test after Þrst conÞrming homogeneity of variances based on the Levene test for homogeneity of variances. Where variances were not homogeneous, the Kruskal-Wallis nonparametric test was used. Determination of the highest frequency of whiteßy emergence (the day accounting for highest emergence of whiteßies) was based on frequency tables. The chi-square test was used to determine whether the sex ratio of eclosed adults on uninfected or infected plants was signiÞ-cantly different from a 1:1 ratio.
For mortality data, the mortality at each developmental stage was designated by a K value. Thus, the mortalities at the egg, Þrst instar, second/third instar and fourth instar stages were designated K1, K2, K3, and K4, respectively. Each K value was the difference in mean values between successive stages based on log values. For example, K1 was the difference between the mean log number of eggs and mean log number of Þrst instars. Generation mortality was the summation of the different K values. The key mortality was the K value accounting for the greatest proportion of the generation mortality. In the four cases where the key mortality was determined (i.e., on uninfected and infected plants where viruliferous or nonviruliferous whiteßies oviposited on the plants), it was tested for density-independence. This was done by regression analysis using paired values of log 10 population size of the developmental stage for which mortality was highest and its corresponding K value (key mortality) across all replicates (either log 10 population: eggs and K1, Þrst instars and K2, second/third instars and K3, or fourth instars and K4). In this case, the K value involved was not based on the difference in mean log 10 population size between successive developmental stages, because in this case each individual replicate was considered. Instead, the K value involved was based on the difference in log 10 population size between successive developmental stages and was calculated for each replicate. Likewise, log 10 population size of the developmental stage involved was determined for each replicate. In this way it was possible to obtain paired values from the different replicates for regression analysis. Where regression was signiÞcant (P Յ 0.05), the key mortality was regarded as densitydependent, and where insigniÞcant (P Ͼ 0.05) key mortality was regarded as density-independent. The approaches used in determining generation mortality and whether the key mortality is density-independent or otherwise were as outlined (Youdeowei and Service 1983) . In experiment 3, statistical data were analyzed as described.
Results
Experiments 1 and 2: Performance of Viruliferous and Nonviruliferous B. tabaci on Uninfected Cassava and Cassava Infected with EACMV. There were no signiÞcant differences in the number of eggs laid by Þve females over 3 d or the number of subsequent developing nymphal instars between uninfected and infected plants (Table 1) . Similarly, there were no signiÞcant differences in the total number of juveniles that developed into adults (Table 1) . Generation mortality appeared lower on uninfected plants (0.426) as compared with infected plants (0.613) where nonviruliferous whiteßies were allowed to oviposit on the plants (Table 2) . Where viruliferous whiteßies oviposited on the plants, generation mortality appeared lower on infected plants (0.479) as compared with uninfected plants (0.507) ( Table 3) .
Mortality values of the various developmental stages (K1 on eggs, K2 on Þrst instars, K3 on second/ third instars and K4 on fourth instars) are shown in Tables 2 and 3 . On the infected plants, the highest mortality was on the Þrst instars in the Þrst experiment, where nonviruliferous whiteßies oviposited on the plants. In this case, there was a great reduction in the proportion of Þrst instars that had developed into second/third instars (Table 2) . Where viruliferous whiteßies oviposited on the plants in the second experiment, mortality was highest on the fourth instars, and there was a reduction in the proportion of fourth instars that developed into adults on the infected plants (Table 3) .
On the uninfected plants, mortality was always highest on the fourth instars in both experiments where either nonviruliferous or viruliferous whiteßies were allowed to oviposit on the plants (Tables 2 and  3 ). There was also a high reduction in survivorship as reßected in the proportion of fourth instars that had developed into adults on the uninfected plants (Tables 2 and 3).
Regression analysis showed that where mortality was highest on the fourth instars (K4), this key mortality was density-independent based on the insignificant F value for regression (P Ͼ 0.05) (Table 4) . However, where highest mortality occurred on the Þrst instars (K2), this key mortality was density-dependent based on the signiÞcant F value for regression (P Ͻ 0.05). Based on the equation of the regression line, there was an inverse relationship between key mortality (K2) and population density of Þrst-instar nymphs (Table 4) .
In experiment 1 where nonviruliferous whiteßies oviposited on the plants, the total proportion of eclosed females and males on uninfected plants was 45 For each experiment, within rows, mean values followed by a common letter were not signiÞcantly different (P Յ 0.05). (Little and Hills 1978) , the two ratios did not deviate signiÞcantly from a ratio of 1:1 ( 2 value ϭ 2.476; P Ͼ 0.05) and ( 2 value ϭ 0.048; P Ͼ 0.05), respectively.
In experiment 2 where viruliferous whiteßies oviposited on the plants, the total proportion of females and males was 55 and 45%, respectively, on the uninfected plants and was 53 and 47%, respectively, on the infected plants. Sex ratios (F:M) were 1.23:1 and 1.14:1 on the uninfected and infected plants, respectively. As in the Þrst experiment, sex ratios were not signiÞcantly different from a ratio of 1:1 ( 2 value ϭ 1.370; P Ͼ 0.05) and ( 2 value ϭ 0.393; P Ͼ 0.05), respectively. No signiÞcant differences were observed in the rate of emergence of adults (percentage of fourth instars that developed into adults over a 9-d period) on uninfected or infected plants (F ϭ 3.374; df ϭ 1, 18; P ϭ 0.083), where nonviruliferous whiteßies oviposited on the plants. In this case, the mean percentage emergence of fourth instars on uninfected and infected plants was 62.24 Ϯ 4.41 (ϮSEM) and 77.07 Ϯ 6.76, respectively. Also, there were no signiÞcant differences in the rate of emergence of adults on uninfected or infected plants (Kruskal-Wallis test: 2 ϭ 0.278, df ϭ 1, P ϭ 0.598), where viruliferous whiteßies oviposited on the plants. The mean percentage emergence of fourth instars on the uninfected and infected plants was 55.93 Ϯ 10.79 and 59.37 Ϯ 5.56, respectively.
Where nonviruliferous whiteßies oviposited on the plants, mean developmental period to adulthood was Experiment 3. Assessment of Multiple Generations of B. tabaci on Uninfected and Infected Plants. In the Þrst 3 wk after introduction of nonviruliferous whiteßies for a 3-d oviposition period, there were no signiÞcant differences in the number of eggs (86.82 Ϯ 9.06 (mean Ϯ SEM) and 79.91 Ϯ 5.34) (F ϭ 0.432; df ϭ 1, 20; P ϭ 0.519), Þrst instars (72.27 Ϯ 8.76 and 62.09 Ϯ 5.59) (F ϭ 0.960; df ϭ 1, 20; P ϭ 0.339), second/third instars (64.27 Ϯ 6.11 and 52.36 Ϯ 4.82) (F ϭ 2.342; df ϭ 1, 20; P ϭ 0.142), or fourth instars (59.91 Ϯ 5.78 and 50.18 Ϯ 5.14) (F ϭ 1.582; df ϭ 1, 20; P ϭ 0.223) on uninfected and infected plants, respectively.
When Þrst-generation adults were allowed to remain on the plants for an additional 4 wk, the numbers of Þrst and second/third instars were not signiÞcantly different between the groups on uninfected or infected plants over two generations. There was, however, a signiÞcantly higher number of fourth instars and empty pupal cases on uninfected compared with Number of eggs, nymphs, and adults with corresponding K values (mortality) after oviposition by viruliferous B. tabaci (Table 5) . No signiÞcant differences were detected in the total number of nymphal instars and empty pupal cases for uninfected compared with infected plants (Table 5 ).
Discussion
In experiments 1 and 2, no signiÞcant differences existed in whiteßy population density, rate of emergence of adults and sex ratio of eclosed adults between uninfected and infected plants. It is therefore unlikely that after two generations a boosted population of B. tabaci is associated with plants infected with EACMV. Indeed, the results in experiment 3 still showed insigniÞcant differences in population density between whiteßies on uninfected and infected plants after two generations.
If a population boost is to occur later than over two generations, this seems more likely on uninfected plants or infected, asymptomatic plants, where developmental period may be the dominant/overriding factor. In these experiments, the time of highest frequency of emergence was shorter on the uninfected plants. Although there was no signiÞcant difference in the total number of nymphs and empty pupal cases, the signiÞcantly higher number of fourth instars and empty pupal cases on the uninfected plants after the second generation as seen in experiment 3 can serve the basis for a higher rate of population increase in subsequent generations. Costa et al. (1991) reported different ovipositional and survival rates for B. tabaci allowed to colonize plants infected with different begomoviruses. These results indicated that ovipositional and survival rates were lower when whiteßies colonized three host-virus combinations: zucchini infected with watermelon curly mottle strain of Squash leaf curl virus (SLCV-W), cotton infected with Cotton leaf crumple virus and tomato infected with Chino del tomate virus. They also observed that survival and ovipositional rates did not vary for uninfected plants of lettuce and cantaloupe and these infected with Lettuce infectious yellows virus (LIYV), a Crinivirus. Consequently, the effect of EACMV on whiteßy development more closely resembled that for LIYV-infected lettuce and cantaloupe.
Sex ratio of B. tabaci can be variable (Van Lenteren and Noldus 1990, Byrne and Bellows 1991) and may be inßuenced by both the age of females and their frequency of matings (Horowitz and Gerling 1992) . In this study, sex ratio was not signiÞcantly different between eclosed adults on uninfected or infected plants when either nonviruliferous or viruliferous whiteßies were allowed to oviposit on the plants. A constant sex ratio of 1:1 was achieved in the progeny where Þve pairs of 1-to 4-d-old nonviruliferous or viruliferous parents were allowed a 3-d oviposition period on either uninfected or infected plants. This approach can serve as a useful baseline in future studies on the population dynamics of B. tabaci, where a 1:1 ratio of the progeny may be required. This is especially the case in studies relating to the intrinsic rate of increase of B. tabaci, where a 1:1 sex ratio has been assumed (Powell and Bellows 1992) .
The mean developmental period was essentially the same for juveniles developing on uninfected or infected plants, when either nonviruliferous or viruliferous whiteßies were allowed to oviposit on the plants. The highest frequency of adult emergence on the uninfected plants where nonviruliferous and viruliferous whiteßies oviposited on the plants was 25 and 23 d, respectively, and on the infected plants was 26 and 26 d, respectively. These Þndings on total developmental period to adulthood are consistent with other Þndings based on life history studies of B. tabaci (Bethke et al. 1991, Fishpool and Burban 1994) .
The key mortalities (K4) on fourth-instar nymphs on the uninfected plants in both experiments and (K4) on fourth-instar nymphs on the infected plants in experiment 2 were characterized as density-independent (Table 4) . Thus, the developing fourth instars on the uninfected plants in both experiments and on the infected plants in the second experiment were more affected by abiotic factors than by predators and/or parasites or insect pest infestation on the plants. Mortality of fourth instars on uninfected plants and on infected plants may be indicative of their greater susceptibility to the physical conditions of the experiment and/or the physiological state of the host plant. These Þndings are similar to observations by Fishpool and Burban (1994) , who attributed losses of late instar nymphs to physical effects of the weather.
The key mortality occurred on Þrst-instar nymphs (K2) on infected plants in the Þrst experiment, where nonviruliferous whiteßies were allowed to oviposit on the plants. This mortality was characterized as densitydependent (Table 4) . Based on the equation line, there was an inverse relationship indicating reduced mortality of Þrst-instar nymphs as the population increased. Other studies have shown high mortality of Þrst instars and that climate often inßuences this parameter (Horowitz et al. 1984 , Mound 1983 ). Further- Within columns, mean values followed by a common letter were not signiÞcantly different (P Յ 0.05).
